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Abstract 
Hydroforging is a hybrid forming operation whereby a thick tube is formed to a desired geometry by combining forging and 
hydroforming processes. Through this process hollow structures with high strength-to-weight ratio can be produced for 
applications in power transmission systems, etc. In this process, a thick tube is deformed by pressurized fluid contained within 
the tube using a multi-purpose punch assembly, which is also used to feed tube material into the die cavity. An analytical model 
for determining pressure-feed loading paths is formulated for the hydroforging process. The model is derived based of plasticity 
theory and deformed shape evolution. Stepwise solution schemes are used to calculate instantaneous pressure, material feed, 
stresses, strains, and other geometrical parameters. The derived analytical model can be used for preliminary process design 
before embarking in extensive FE simulations. The model is also ideal for rapid establishment of loading paths for different 
geometrical configurations. Thus, time spent in trial-and-error finite element simulations carried out to determine optimal 
loading path for a specific part can be reduced significantly. 
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1. Introduction  
There is a growing demand for lightweight structures in the automotive, aerospace, and maritime industries. One 
of the ways to achieve significant weight reduction is exploring new and innovative manufacturing techniques. 
Tube hydroforming process is one of the processes that is used to produce products with high strength-to-weight 
ratio. However, tube hydroforming process is limited to thin tubular components due to load and power 
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requirement to deform the tube Koc and Altan (2001). Forging of thick tubular components known as injection 
forging was introduced by Cogan (1963). In 2004, Balendra and Qin (2004) developed Pressure-assisted injection 
forging of thick-walled tubular components with hollow flanges. In this process, a pressurized polymeric material 
is inserted inside a thick tube while a movable punch is used to feed the tube and pressurizing the polymeric 
material. However, parts with uniform wall thickness distribution were hard to achieve by this process due to 
process instability resulting in part defects such as surface folds and underfill. Recently, Muller at el. (2012) 
presented their method to manufacture hollow parts by combining forging process with tube hydroforming 
processes. In this process, a thick tube is upset by a closing movement of upper and lower dies followed by punch 
movement through a liquid medium contained within the tube. The punch displacement causes the pressure to 
increase inside the tube to form the part. In the above mentioned studies, no attempts were made to develop a 
hydroforging process in which a pressure is created and controlled as tube is upset to attain a desired loading path.  
This paper discusses the potential of fabricating hollow components via thick tube hydroforging. In this process, 
a thick tube is deformed by pressurized fluid contained within the tube during the upsetting process. A multi-
purpose punch assembly is used to feed tube material into the die cavity as shown in Fig. 1a. The pressure is 
generated by compressing the fluid volume contained within the tube.  The punch is designated to allow 
pressurized fluid to pass through a pressure gauge that is connected to a data acquisition unit. Principally, the 
pressure created by pushing the fluid should be greater than the required pressure to form the part without defects 
as shown in Fig. 1b. To achieve the desired load path, a pressure relief valve is used to adjust the pressure by 
releasing fluid. The tube is deformed plastically under the action of the generated pressure applied to the internal 
surface of the tube. The focus of this work is to formulate an analytical model for determining pressure-feed 
loading paths. The model is derived based of plasticity theory and deformed shape evolution.  
 
 
                                          (a)                                                                                         (b) 
Fig. 1. (a) Tube hydroforging process concept, (b) pressure loading path generation concept. 
 
 2. Analytical model derivation 
One of the biggest challenges in the assessment of the hydroforging process is time spent in determining the 
proper pressure loading through extensive FE analysis. In order to reduce time in establishing loading paths, Ghosh 
et al. (2011) proposed the use of a pre-established database with loading paths for a family of parts. Analytical 
models are used to explain the physics of tube hydroforming process and are considered as efficient ways to 
evaluate the process, Asnafi (1999). Therefore, to speed up hydroforging process design, there is a strong need to 
develop a mathematical model that can be used to determine proper loading paths. 
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2.1. Pressure loading path derivation and solution scheme
Figure 2 shows three distinct deformation patterns that are exhibited when hydroforging an axisymmetric bulge 
shape. The process cycle can be divided into four stages: spherical bulging stage (Fig. 2a), spheroid bulging stage
(Fig. 2b), expansion stage, and corner filling stage (Fig. 2c). The stages are further subdivided into various 
deformation zones such as guiding zone, bending zone, bulging zone, expansion zone, and dead zone.   
 
Nomenclature 
ߪ௥ǡ ߪఏǡ ߪథ  stress components              ߪത   effective stress               ܭ     strength coefficient     
ߝ௥ǡ ߝఏǡ ߝథ  strain components                          ߝҧ  effective strain                             ௝ܲ           internal pressure                 
ߙ௝        bulge angle                                     ܶݎ௝  thinning rate                                 ܶݎ௠௔௫    maximum thinning     
௝ܴ              bulge inside radius                          ݍ     total number of solution steps      ݆            current solution step 
݊               strain hardening exponent              ݐ௝    deformed section thickness                               
                                                      
 
Fig. 2. Geometry evolution stages: (a) Spherical bulge stage,                                                               Fig. 3. Geometrical relationships.                             
(b)  Spheroid bulge stage, (c) Expansion and corner filling stage.  
 
 
 
 
 
 
 
 
Fig. 4. Element in bulging zone. 
In the bulging zone the theory of plasticity for thick spherical pressure vessels could reasonably be employed to 
relate the deformation pattern with the internal pressure. The tubular blank is assumed to be an isotropic thick tube. 
The tube material obeys the von Mises yield criterion and the elastic deformation is considered to be insignificant. 
The stresses along thickness direction are assumed to vary and estimated by a multiplication factor at the outside 
boundary. The derivation of the model will start by taking an infinitesimal element cut from the bulging zone 
shown in Fig. 3 and Fig. 4, the equilibrium equation in r-direction is given by, 
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Similarly, according to Fig. 4, equilibrium equation in ߠ-direction can be written as, 
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By applying the boundary condition at the bending-unbending line a-a’ shown in Fig. 3 and assuming that the 
stresses in the hoop and circumferential directions are the same, the solution of Eq.(2) is, 
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Where, ݎכ ൌ ݎᇱ ൅ ݎ  ߠ. Now, using Eq.(3), Eq.(1) becomes, 
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From the volume constancy, ߝ௥ ൅ ߝఏ ൅ ߝథ ൌ Ͳ, the following relationship can be obtained, 
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Where ܴכ, is the strain ratio at the bending –unbending line a-a’, defined byǡ ܴכ ൌ
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related by the following relationship, 
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The effective stress and effective strain according to Von Mises yield criteria are given by the following equations, 
respectively, 
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Substitution of Eq.(6) into Eq.(7) leads to the following relationships,   
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The relation between stress and strain can be expressed by power law,ߪഥ ൌ ܭߝҧ௡. Back substitution of Eq. (8) into 
Eq.(4),  Eq.(9) can be obtained, 
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Eq.(9) is a first order differential equation that can be solved with the proper integration factor and applying the 
following boundary conditions at the inner and outer surface of the bulge, respectively. (At  ݎ ൌ ௝ܴ, ߪ௥ ൌ െ ௝ܲ,  
ݎ′ ് Ͳǡ ߠ ൌ ߙ௝ǡ  and at ݎ ൌ ௝ܴ ൅ ݐ௝ , ߪ௥ ൌ ߚ ௝ܲ , ݎ′ ് Ͳǡ ߠ ൌ ߙ௝ ), where ߚ  is a boundary multiplication factor 
determined by sensitivity analysis. The solution of Eq. (9) determines the instantaneous pressure loading path 
throughout the process given by Eq. (10), 
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In the spheroid bulging stage, Eq. (10) is used as is. Similarly, in the expansion stage, Eq.(10) is also used with the 
geometrical parameter ݎᇱ ൌ ݎ௢ ൅ ݎௗ ൅ ݀௟ and ߙ௝ is constant equal to the last value at the end of spheroid bulging 
stage. For both spheroid bulging and expansion stages, the values of the strain ratio, ܴכ  will vary due to 
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unsymmetrical values for the strain components in which the parameter ߰ is also varying. Fig. 5 show a schematic 
for the solution scheme adopted in the model. To ensure continuity of the solution, the pressure value at the end of 
each stage is used as an initial condition for the subsequent stage. In all stages, the geometrical parameters are 
calculated at each step of the solution. The thinning rate is assumed to be varied throughout the process and the 
maximum thinning is achieved at the end of the process. In accordance with the geometrical and shape evolution, 
the volume of the deformed tube is calculated stepwise based on the instantaneous thickness of the tube determined 
by the assumed thinning rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Solution scheme adopted in the model. 
 3. Numerical analysis 
It should be noted that Eq. (10) is the general equation for determining the pressure loading path. However, this 
equation contains a multiplication factor ߚ. A proper ߚ value, which is geometry dependent, is established by 
carrying out a sensitivity analysis with the aid of the finite element analysis. Explicit dynamic finite element 
simulations for different geometries were therefore carried out to determine ߚ value using ANSYS 14.5 workbench 
software. Two dimensional (2D) axisymmetric model was used to model the tubular blank, dies, and punch. The 
tubular material was treated as flexible material and the die and punch were treated as rigid bodies. Friction 
coefficient ߤ ൌ ͲǤͳ was used for all simulations. The kinetic energy to internal energy ratio was kept below 5%, 
and a mass scaling of 200% was applied to the model for all simulations. The analytical model output for the 
pressure and feed are used as input data to simulate the process. For each geometry, five values for ߚwere used to 
get the pressure loading path. The best choice of ߚ value is the one that minimizes product defects such as under 
fill, folding or excessive thinning such that optimal loading path can be accomplished. Table 1 shows some of the 
simulation results carried out to find the proper ߚ  value. From this Table, it can be concluded that ߚ  factors 
between 0 and 0.2 will lead to a successful part for most geometries investigated. Also, it can be noticed that those 
values are similar for different materials. Examples of different pressure loading paths with varying ߚ factors are 
given in Fig. 6a. Also, examples of required material feed are given in Fig. 6b. Fig .6c shows numerical simulation 
results of plastic strain distribution for some of the investigated geometries. 
 
Table 1. Numerical simulations matrix of sensitivity analysis designated to determine  ߚǣ Successful forming (), Unsuccessful forming (). 
Geometrical parameters  
 
ߚ 
Tube Material AL-6061
݊ ൌ ͲǤʹǡ ܭ ൌ ʹͲͷܯ݌ܽ 

 
ߚ 
Tube Material SS304 
݊ ൌ ͲǤͷͲʹǡ ܭ ൌ ͳͶʹͻܯ݌ܽ 
݄௙mm ݎ௢,mm ݐ௢, mm ݎௗ, mm 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 
12 19.05 6 9 
 
     
 
     
15 19.05 6 9          
18 19.05 6 9          
21 19.05 6 9          
24 19.05 6 9          
Start with initial values for: ܶݎ௠௔௫, ݍ, and ݆ 
Calculate thinning rate assuming nonlinear variation; ܶݎ௝ ൌ ܶݎ௠௔௫ሺ݆ ݍΤ ሻଶ 
Calculate radial strain; ߝ௥ ൌ ൫ͳ െ ܶݎ௝൯ Calculate the instantaneous thickness; ݐ௝ ൌ ݐ௢൫ͳ െ ܶݎ௝൯ 
Calculate effective strain and effective stress; ߝҧ, ߪത Calculate the pressure, ௝ܲ  
Calculate the required feed, ݑ௝ Calculate the instantaneous volume 
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Fig. 6. (a) Pressure loading path for different beta values, (b) Feed loading paths for different flange size and die fillet radius, and (c) Finite 
element simulation results of plastic strain distribution (Tube geometry : ݎ௢ ൌ ͳͻǤͲͷ݉݉ǡ ݐ௢ ൌ ͸݉݉ሻǤ 
4. Conclusions  
   In this paper, an analytical model for hydroforging thick tubes was introduced. The model was derived based on 
plasticity theory and deformation shape evolution. Stepwise solution scheme was implemented to establish pressure 
and feed loading path. The model output was used as initial input for the numerical simulation that is necessary to 
design the process. Thus, time spent in trial-and-error finite element simulations carried out to determine optimal 
loading path for a specific part can be reduced significantly. The model can be considered as a quick tool to pre-
analyze the process by providing loading path information as a starting point for process designers.  
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